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SUMMARY 


A wing-jet interaction theory is presented for predicting the aerodynamic 
characteristics of upper-surface-blowing and over-wing-blowing configurations. 
For the latter configurations, a new jet entrainment theory has also been de- 
veloped. Comparison of predicted results with some available data showed good 
agreement. Some applications of the theory are also presented. 


INTRODUCTION 


Wlien a wing is in close proximity to a jet, additional forces and moments 
will be Induced on the wing. In the case of upper-surface-blowing (USB) con- 
figurations, where the relatively thick jet from the high bypass-ratio turbo- 
fan engines blows cn the wing upper surface, these forces and moments can not 
be satisfactorily explained by the thin jet flap theory (ref. 1). With an 
over-wing-b lowing (OWB) configuration, the conventional jet engine exhaust may 
be blowing aft or ahead of the wing leading edge and close to or away from the 
wing surface. It has been found that its wing aerodynamic characteristics are 
under^'redicted by entrainment effects alone, in particular, when the jet is 
close to the wing surface (ref. 2). It is evident, then, that additional 
physical mechanisms for these effects must be identified. In this paper, they 
will be called the "jet interaction effects." By "interaction," it is implied 
that in the physical process, not only the wing flow field is perturbed in the 
presence of the jet, but also the jet flow is disturbed by the wing as well. 

In the past, this jet interaction process has been applied mainly in the 
wing-slipstream interaction problem. For example, Shollenberger (ref. 3) de- 
veloped a method wher< in the jet shape distortion is allowed in predicting 
interaction effects. However, it is not applicable to the case where the jet 
Mach number is different from the freestream value (Mach number nonuniformity) 
and its applications to USB or OWB configurations have not been reported. On 
the other hand, Mendenhall et al. (ref. 4) used several circular jets with 
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prescribed boundaries to approximate a rectangular USB jet without including 
the Interaction process mentioned above. 


In developing the analytical method for OWB configurations, Krenz (ref. 5) f 
used sink panels on prescribed jet boundaries. No systematic method of comput- I 
ing the sink strength at arbitrary jet velocity ratios has been presented. To 
simulate the jet entrainment effect, Putnam (ref. 6) obtained the sink strength 
of a line sink distribution along the jet axis by Squire and Trouncer's method 
for incompressible, non-neated jets (ref. 7). In both studies, no interaction 
effects have been accounted for. 

In this paper, results from a theoretical investigation of jet interaction 
effects for USB and OWB configurations in the past two years will be summa- 
rized. The present theory accounts for differences between the jet and free- j 

stream dynamic pressures and Mach numbers. The jet shape can be rectangular i 

or circular and the jet exit can be at an arbitrary location. However, the | 

theory is a linear one so that the jet boundary distortion is not accounted | 

for. 6 


SYMBOLS 


Values are given in both SI and U.S. Customary Units. The me^'urementn 
and calculations were made in U.S. Customary Units. 

AR wing aspect ratio 

c chord length, m (ft) 

Cq ^ induced drag coefficient 

C total lift coefficient 

AC difference in lift coefficients with jet on and off 

L 

C pitching-moment coefficient 

m 

C jet-momentum coefficient 

P 

C' jet-momentum coefficient referred to p^ 

jet exit diameter, m (ft) 

? unit vector tangent to jet path 

k a unit vector along the z-axis 
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jet Mach number 

freestream Mach number 

unit vector normal to jet surface 

jet axis system, normal and tangent to the jet surface, respectively 
ambient static pressure, N/m2 (lb/ft2) 

nozzle total pressure, N/m^ (Ib/ft^) 

= V./V 
3 o 

wing area, m^(ft^) 

“ 2 

jet velocity, m/sec (ft/sec) 

outer flow velocity, m/sec (ft/sec) 

jet-entrained flow vector, m/sec (ft/sec) 

freestream velocity vector, m/sec (ft/sec) 

wing-fixed rectangular coordinates with nositive x-axis along axis 
of symmetry pointing downstream, positive y-axis pointing to right, 
and positive z-axis pointing upward, m (ft) 

jet exit coordinate, m (ft) 

cai f'f.r function, z = z (x,y) 
c c 

iieight of jet axis above the wing plane, m (ft) 

angle of attack, deg 

vortex strength, m ^'sec (ft^/sac) 

fl; p angle, deg 

jet-deflection, deg 
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X taper ratio 

A leading-edge sweep angle, deg 

Li 


y 

y' 




= V .e/V .e 

” i 

density, kg/m^ (slugs/ft^) 

nondimens ional velocity potential for the jet flow 
nondimensional velocity potential for the. outer flow 

DESCRIPTION OF THE METHOD 


Basic Concept 

Consider a two-dimensional inviscid, incompressible flow in which a jet 
is situated as shown in fig. 1, where a vortex T is assumed to exist in the 
outer flow. In order to satisfy the jet surface boundary conditions which 
require that the streamlines at both sides of the jet surface be parallel and 
the static pressures there be continuous, it is necessary to introduce addi- 
tional vortices as has been shown by the image method (ref. 8). For the planar 
jet, the lower region in which the vertex F originates will receive additional 
disturbances represented by the vortex "A" (i.e., reflection effect). If the 
vortex r is now replaced by an airfoil, these additional disturbances on the 
airfoil will be in the form of upwash, thus increasing the lift. The vortex 
"B" represents the disturbance of the jet flow by the wing. Similar explana- 
tion can be given for a circular jet. It is seen, then, that the lift incre- 
ment due to jet interaction is mainly due to the reflection of wing-created 
disturbances at the jet sufface. 

Three-Dimensional Formulation 

In the three-dimensional case, the image method can not be used. However, 
the basic concept explained above remains applicable. That is, the additional 
upwash on the wing due Lo the jet surface reflection can be computed by satis- 
fying the jet surface boundary conditions together with the wing tangency con- 
dition. In the linear theory, these conditions can be written as (ref. 2), 


8(|i 

3n 



V .n(l-y') 

00 

V .“e 


jet surface 
tangency condition 
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wing tangency 


V = V + V. 
o 00 je 


and is the jet-entrained flow vector. To satisfy eqs. (l)-(2), the jet 

surface is replaced by two vortex sheets — one to account for the perturba- 
tions in the outer flow and the other for the jet flow. This is necessary 
because of the Mach number nonuniformity. Eq. (3) is satisfied in the usual 
manner with a wing vortex sheet. The results are then reduced to algebraic 
equations for unknown vortex strengths through the application of a quasi- 
vortex-lattice method (ref. 1). This vortex model is illustrated in fig. 2. 
Note that for USB configurations, the jet entrainment is not directly included. 
Instead, it enters the problem through the Coanda jet reaction, because the 
Coanda turning is due to the jet entrainment. The Coanda jet reaction is cal- 
culated here with the linear momentum principle and is illustrated in fig. 3. 

It is seen that the total lift component due to the Coanda jet reaction is 


C^ „ = 2C sin(6./2) cos(6./2 + a) + C sina 
L,R P J J V 

= C sin(6. a) 

P J 


Similarly, drag component due to the Coanda jet reaction is given by 


Cj^ = 2C^ sin(6^/2) sin(6^/2 + a) - (C^cosa - PC^) 

= C [p - cos(6, + a) ] 

P J 


where the thrust component is also included. The jet flap effect is also 
calculated in the present method as described in ref. 1. 

On the other hand, for OWB applications, the jet entrainment is calcula- 
ted according to a newly developed method (ref. 2) which is applicable to a 
compressible heated jet. To avoid nonhomogeneous jet properties in the mathe- 
matical model, an equivalent uniform jet is used which satisfies the conserva- 
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tlon of mass, linear momentum and heat content. If the jet does* not Intersect 
the wing, a circular jet Is assumed. This circular jet is In turn approximated 
by a polygon for interaction computation. In case the jet intersects the wing, 
a rectangular or circular jet may be chosen in the calculation, depending on 
whether or not the jet would follow the wing surface and deflect at the trail- 
ing edge at some angle relative to the chord line. This deflection angle can 
only be determined empirically at present by correlation with experimental 
data. 


COMPARISON WITH EXPERIMENTAL DATA 


In comparing the USB data, the calculations were done with experimental 
jet deflection angles measured under wind -off conditions. The data of a trans- 
port-type configuration of Smith, et al. (ref. 9) with AR = 7.8, X = 0.73 and 
= 0® are compared in fig. 4. The moment arms for the Coanda forces are 

measured directly from fig. 3 of ref. 9. The skin friction and the scrubbing 
drags are not accounted for in the moment computation. Ir is seen that the 
predicted results agree reasonably well with the data. 'l should be noted 
that all results were obtained by adding the predicted jet-induced increments 
to the experimental jet-off values. Since the method also predicts the in- 
duced drag, its comparison can be made approximately by using the relation: 


^S.(a) * ^S,i S,r\o) " ^S,i S,r\o = 1®) 


(7) 


Eq. (7) approximately represents the Incremental induced drag due to the angle 
of attack. The results are compared in the following table with good agreement: 



0® 


20° 


o 

o 


60® 

D, 

(a) 

AC,, 

D, 

(a) 

AC,, 

D, 

(a) 

''S, 

(c) 

Theory 

Exp. 

Theory 

Exp. 

Theory 

Exp . 

Theory 

Exp. 

0.096 

0.15 

0.233 

0.2 

0.322 

0.3 

0.375 

0.35 

0.227 

0.3 

0.5 

0.5 

0.658 

0.6 

0.752 

0.65 


The Jet induced lift increments for a fighter, vectored-thrust (VT) 
configuration of AR = 3.7 given in ref. 10 are compared in fig. 5. Since 
the model airfoil is thin (5%) and the camber is of supercritical type but 
unknown, it was assumed to be a flat wing in the computation to simulate the 
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jet-off C as closely as possible. As the jet Mach number is mostly super- 

irf 

sonic, which is not allowed in the present subsonic computer program, the 
jet Mach number is assumed to be M^ and an equivalent velocity ratio is used 

as described in ref. 6. If the static thrust coefficient is C' nondlmension- 

allzed with the ambient pressure, then in terms of freestream dynamic 

pressure is given by 

2C' 

C = — ^ 8) 

^ vm2 


where is given in ref. 10 and y is the ratio of specific heats. From the com- 
parison, it is seen that the agreement is reasonably good. 

The OWE data by Falk (ref. 11) and Putnam (ref. 12) aro compared with 

the predicted results in figs. 5 and 7, respectively. From fig. 6, it is 

seen that AC decreases rapidly as the jet is moved upwards from the wing 
L» 

surface. This is because with the jet close to the wing, the interaction 
effects become important. In addition, if the jet Intersects the wing, the 
jet flap effect due to the jet deflection at the trailing edge relative to 
the chord line will also be significant. Both effects diminish rapidly with 
the distance to the wing surface. It is also seen from both figs. 6 and 7 
that jet entrainment alone will underpredict AC^ if the jet is close to the 
wing. 


SOME ADDITIONAL RESULTS 


As mentioned above, the jet interaction effects are mainly due to the jet 
surface reflection of wing-created disturbances which are proportional to the 
jet-oli wing loading. Therefore, it is Important in the interaction computa- 
tion to simulate the jet-off lift as closely as possible. To see how the jet- 
off lift can affect the interaction effects, the configuration of Smith, et al. 
given in ref. 9, is again used under the conditions of a = 1“, <5^ = 0°, “ 

12* and “ 2. If NACA 6 A 2 A 215 (a = 0.5) and NACA 6AiA412 (a = 0.5) air- 
foils are used at the root and the tip, respectively, as shown in ref. 9, the 
theoretical jet-induced ACl would be 0.826. On the other hand, if a symmetrical 
airfoil is used, ACl becomes 0.688, a decrease of 19%. In addition, it has been 

shown that the Jet flap effect (l.e., the effect of jet deflection relative to 
the chord) is always beneficial (ref. 1). That means that a thick airfoil with 
some trailing-edge angle will give better aerodynamic characteristics than a 
thin airfoil with little trailing-odge angle. 
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It has been shown experimentally and theoretically that the wing loading 
with USB has high peak In the jet region. Therefore, It Is of Interest to 
see how trad.,-offs can be made between lift capability and aspect ratio in 
cruise. Assume that a = 2® and <5^ * 10® without flap deflection and the jet 

is blowing from the leading edge. The results are shown in fig. 8. It Is 
seen that although the lift will be decreased by 60% at = C when AR is 

reduced from 8 to 4, the decrease is only 42.7% in the circulation lift and 
34.2% in the total lift (including the jet reaction) at * 1. The decrease 

in the lift capability when the aspect ratio is reduced is seen to decrease 
as is increased. 

One advantage of OWB configurations with the jet not intersecting the 
wing is that the jet scrubbing drag can be eliminated. Furthermore, the jet- 
entrainment created upwash will increase the loading and the leading-edge 
thrust. It is of interest to compare the interaction effects of rectangular 
jets with circuxar ones assuming the same cross-sectional area and entrain- 
ment. The jet axis is taken to be at z,/D =1.2 and the entrainment is 

j o 

computed assuming a circular jet. The results are shown in fig. 9. It is 
seen that both rectangular and circular jets perform equally well. However, 
it may be feasible to lower the rectangular jet to increase the performance 
without scrubbing the wing. It is also seen from the figure that the aero- 
dynamic performance can be greatly improved by an over-wing-blowing jet, as 
has also been noted by Putnam (ref. 6). 


CONCLUDING REMARKS 


A theoretical method has been presented for predicting the aerodynamic 
characteristics of USB and OWB configurations. Tne predicted results show 
good agreement with some available data. The jet interaction effects have 
been shown to be important when the jet is on or close to the wing surface. 
Because of the nature of the interaction process, higher interaction lift 
can be ac’iieved by increasing the jet-off lift. For a rectangular wing with 
USB in cruise I the total lift is shown to decrease by 34.2%, compared with 
60% with jet off, when the aspect ratio is reduced from 8 to 4. If was shown 
for the OWB configurations that the interaction effects depend strongly on 
the distance of the jet surface to the wing. 
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Figure 1.- IlJustration of two-dimensional, inviscid jet interaction process. 


RECTANGULAR JET 



CIRCULAR JET 



Figure 2.- Three-dimensional vortex model for jet interaction process. 





C = 2C SIN(6./2)COS(6./2+qI 
L M j J 



Figure 3.- Force components due to the CoanJa Jot reaction on 

USB conf igurat ions , 
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(a) Lift data. 
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(b) Pitching raoment data. 


Figure 4.- Estimation of at .-odynamie eharaeter ist its of .. I'SB conf i gurat ion 
for C(, = 2 (results obtained by adding the predicted Jet- i. duced 
values to the experimental jet-off values). 
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PUTNAM (REF. 6). ENTRAINMENT ONLY 



Figure 6.- Estimation of jet-induced lift for a rectangular wing 
having OWB. a = 0°; AR = 2, 
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Figure 7.- Estimation of jet-induced lift for the OWE configuration of 
reference 12. oi = 0°. 


ALL RESULTS ARE BASED 
ON WING AREA OF AR - 8 
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T = % DECREASE IN LIFT 



Figure 8.- Theoretical effect of aspect ratio on USB lift capability. 
!^ •-= * 0; a = 2°; 6f = 0°; 6j = 10°; NACA 65^-412. 
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Figure 9.- Comparison of theoretical aerodynamics obtained by Jets of 


rectangular and circular cross section on the conf iguration of 
reference 9. AR = 7.8; - 0‘^; \ = 0.73; 6^ = 0'^. 





